ABSTRACT Human adenovirus 41 (HAdV-41) causes acute gastroenteritis in young children. The main characteristics of HAdV-41 infection are diarrhea and vomiting. Nevertheless, the precise mechanism of HAdV-41-induced diarrhea is unknown, as a suitable small-animal model has not been described. In this study, we used the human midgut carcinoid cell line GOT1 to investigate the effect of HAdV-41 infection and the individual HAdV-41 capsid proteins on serotonin release by enterochromaffin cells and on enteric glia cell (EGC) activation. We first determined that HAdV-41 could infect the enterochromaffin cells. Immunofluorescence staining revealed that the cells expressed HAdV-41-specific coxsackievirus and adenovirus receptor (CAR); flow cytometry analysis supported these findings. HAdV-41 infection of the enterochromaffin cells induced serotonin secretion dose dependently. In contrast, control infection with HAdV-5 did not induce serotonin secretion in the cells. Confocal microscopy studies of enterochromaffin cells infected with HAdV-41 revealed decreased serotonin immunofluorescence compared to that in uninfected cells. Incubation of the enterochromaffin cells with purified HAdV-41 short fiber knob and hexon proteins increased the serotonin levels in the harvested cell supernatant significantly. HAdV-41 infection could also activate EGCs, as shown in the significantly altered expression of glia fibrillary acidic protein (GFAP) in EGCs incubated with HAdV-41. The EGCs were also activated by serotonin alone, as shown in the significantly increased GFAP staining intensity. Likewise, EGCs were activated by the cell supernatant of HAdV-41-infected enterochromaffin cells.
IMPORTANCE
The nonenveloped human adenovirus 41 causes diarrhea, vomiting, dehydration, and low-grade fever mainly in children under 2 years of age. Even though acute gastroenteritis is well described, how human adenovirus 41 causes diarrhea is unknown. In our study, we analyzed the effect of human adenovirus 41 infection on human enterochromaffin cells and found it stimulates serotonin secretion in the cells, which is involved in regulation of intestinal secretion and gut motility and can also activate enteric glia cells, which are found in close proximity to enterochromaffin cells in vivo. This disruption of gut barrier homeostasis as maintained by these cells following human adenovirus 41 infection might be a mechanism in enteric adenovirus pathogenesis in humans and could indicate a possible serotonindependent cross talk between human adenovirus 41, enterochromaffin cells, and enteric glia cells.
KEYWORDS gastroenteritis, enteric adenovirus, EC cells, serotonin, enteric glia cells E nteric adenoviruses 40 and 41 belong to species F of human adenoviruses (HAdV) (genus Mastadenovirus of the Adenoviridae family) and are associated with acute gastroenteritis primarily in children below 2 years of age (1) (2) (3) . When these viruses infect the gastrointestinal (GI) tract, watery diarrhea, vomiting, dehydration, and lowgrade fever develop (4) . Although the hallmarks of enteric adenovirus infection are diarrhea and vomiting, the mechanisms behind enteric adenovirus diarrhea are unresolved, primarily due to the lack of a suitable small-animal model. The mechanisms of diarrhea may include secretory diarrhea, perturbation of the intestinal barrier, and/or motility. Emerging evidence suggests perturbation of intestinal epithelial barrier function is involved in the development of different intestinal diseases (5) , and that may also be applicable to enteric adenoviruses.
Several gut components participate as regulators and sentinels to maintain intestinal barrier homeostasis. One of these components is the enteric nervous system (ENS), which has been identified as a key regulator of intestinal barrier function (6) (7) (8) . The ENS plays an important role in regulating fluid movement across the gut epithelium, interacting with both the endocrine and immune systems of the gut, as well as controlling gastric acid secretion (9) . Enterochromaffin (EC) cells are another component associated with barrier homoeostasis. These cells represent the largest enteroendocrine cell population in the small intestine and are strategically positioned in the intestinal mucosa to release mediators from the basolateral surface, further activating afferent neuron endings mainly within the lamina propria (10, 11) . EC cells are characterized by their synthesis and release of serotonin (12) (13) (14) , which activates the ENS and extrinsic vagal afferents to the brain, and they may also activate enteric glia cells (EGCs) (6, 7) . Moreover, the involvement of serotonin has been demonstrated in the regulation of intestinal secretion, gut motility, several GI disorders, nausea, vomiting, and acute gastroenteritis (15) (16) (17) (18) (19) (20) (21) including rotavirus disease (22) . We have previously shown that rotavirus can infect human EC cells and stimulate serotonin secretion in a dose-and time-dependent manner (23) .
Beneath the intestinal epithelial cells is a population of astrocyte-like cells that are known as enteric glia cells (EGCs). EGCs play an important role in maintaining intestinal barrier integrity (24) (25) (26) , but they have many regulatory functions throughout the GI tract and can also be found both in the myenteric and submucosal plexuses (27) . EGCs express the glia cell marker glia fibrillary acidic protein (GFAP), which is at least one downstream effector of cytokine response in enteric glia (26, 28) . It has been suggested that increased GFAP expression in cells and tissue is an activation marker of illness, such as inflammatory bowel diseases (29, 30) . In addition, it has been shown that vagal nerve activation of EGCs is linked to enhanced barrier function (6, 7) . Several lines of evidence implicate an essential role of mucosal EGCs in regulating gut epithelium integrity (31) .
Adenovirus is a nonenveloped, approximately 90-nm-diameter, double-stranded DNA-containing virus composed of three major oligomeric capsid proteins (32) . The hexon proteins form the virus coat protein and are the most abundant capsid protein (33, 34) . The penton base proteins are found in each corner of the 12 5-fold vertices of the icosahedral capsid and anchor trimeric fibers to the viral capsid (35, 36) . Adenovirus fiber and penton base proteins of adenovirus bind to cellular receptors and coreceptors, such as coxsackievirus and adenovirus receptor (CAR) (37) (38) (39) , CD46 (40), desmoglein-2 (41), sialic acid-containing glycans (42, 43) , and integrins (44) . Internalization of the virus is mediated by RGD (Arg-Gly-Asp) motifs in the penton base proteins that specifically recognize cellular integrins (33) . Enteric HAdV-40 and HAdV-41 are distinct among HAdVs, encoding two different fibers-a longer CAR-binding fiber and a shorter fiber with unknown function-and the penton base protein lacks the otherwise conserved RGD motif (37) .
In this study, we investigated whether HAdV-41 can stimulate EC cells to secrete serotonin and subsequently activate EGCs. Furthermore, we aimed to identify which capsid protein component is associated with pathogenesis, keeping in mind serotonin release from EC cells. This study aimed at gaining insight into enteric adenovirus pathogenesis, keeping in mind the lack of a small-animal model.
We found that HAdV-41 can stimulate serotonin from CAR-expressing human EC cells and that supernatant from HAdV-41-stimulated human EC cells can activate EGCs. These new observations are of interest because they propose a serotonin-dependent cross talk between HAdV-41, EC cells, and EGCs that may be relevant for the understanding of how HAdV-41 causes diarrhea.
RESULTS

HAdV-41 could infect CAR-expressing human EC cells.
To determine if HAdV-41 can infect human EC cells, (13) , the cells were grown in Lab-Tek II chamber slides and 48-well plates and infected with purified HAdV-41 ( Fig. 1A and B ). Immunofluorescence at 18 h postinfection (hpi) revealed that 60 to 70% of the EC cells had been infected (Fig. 1A) ; Western blotting at 24 hpi revealed the presence of the adenovirus-specific hexon protein (100 kDa) and the long fiber/penton base proteins (both approximately 60 kDa) (Fig. 1B) .
To investigate if HAdV-41 can replicate in human EC cells, a time kinetics study using quantitative PCR (qPCR) was conducted. As shown in Fig. 1C , EC cells are nonpermissive for replication of HAdV-41. Thus, similar to several other nonpermissive cell lines (45, 46) , the fastidious HAVd-41 viruses have impaired replication yet protein expression in EC cells.
Next, we determined whether EC cells express HAdV-41-specific CAR (37) . The cells were stained with CAR-specific antibody, and immunofluorescence revealed punctate, cell-membrane-associated CAR (Fig. 2A) . The EC cells expressed almost three times lower levels of CAR compared to the positive-control A549 cells (Fig. 2B) . Flow cytometry analysis supported the immunofluorescence findings that EC cells express CAR (Fig. 2C) .
HAdV-41-stimulated serotonin release from human EC cells. Upon stimulation, EC cells typically release serotonin, which is an important mediator in signaling and which also influences gut physiology (47) . We investigated whether HAdV-41 can stimulate serotonin release from EC cells. We found that EC cells infected with purified HAdV-41 for 24 h released serotonin in a dose-dependent manner (10 to 0.1 g/ml) (P Ͻ 0.001) (Fig. 3A) . To determine if infection prior to viral replication (Յ6 h) is sufficient for stimulation to induce serotonin release, the cells were infected for 6 h with purified virus, and we found that 6 h of infection is sufficient for robust stimulation of serotonin release (Fig. 3B) . To determine if the serotonin-stimulating property is unique to HAdV-41, the same concentration of purified HAdV-5 (10 g/ml) was used to infect the cells. HAdV-41, but not HAdV-5, stimulated (P Ͻ 0.001) significant serotonin release within 6 h compared to the control (Fig. 3B) . HAdV-41 short fiber knob and hexon proteins stimulated serotonin release. As purified HAdV-41 virus stimulated serotonin release within 6 h, the next question was whether individual capsid proteins confers serotonin-stimulating capacity. To address this question, we produced and purified full-length HAdV-41 hexon and penton base proteins as well as the knob domains of the long and short fibers (34, (48) (49) (50) (51) . In the first set of experiments, we stimulated EC cells with 2 to 0.02 M purified HAdV-41 penton base. After 6 h of stimulation, the cell medium was collected and the released serotonin levels determined. We found that serotonin release was unaffected, suggesting that the HAdV-41 penton base does not have serotonin-stimulating properties (Fig. 4A) .
Next, we investigated the serotonin-stimulating properties of the HAdV-41 short and long fiber knob proteins. EC cells were stimulated with 2 M each fiber knob protein (Fig. 4B) . Following 6 h of stimulation, the cell medium was collected and the serotonin content analyzed and compared with that of cells treated with 2 M HAdV-5 fiber knob protein, cell medium, diluent control (phosphate-buffered saline [PBS]), and purified rotavirus double-layer particles. There was no significant increase of serotonin release from cells stimulated with HAdV-41 long fiber knob protein or HAdV-5 fiber knob protein (Fig. 4B) . However, cells stimulated with HAdV-41 short fiber knob protein responded with increased serotonin release compared to the diluent control (P Ͻ 0.001) (Fig. 4B ). These findings suggest that HAdV-41 short fiber knob protein has serotonin-stimulating properties. The HAdV-41 hexon protein forms the most abundant capsid protein (33) , and it was therefore important to evaluate the effect this coat protein would have on EC cells. EC cells were stimulated with the purified hexon protein in different concentrations for 6 h, followed by collection of the cell supernatant and serotonin determination. The hexon protein had a significant (P Ͻ 0.05) stimulatory effect on serotonin release after 6 h of stimulation (Fig. 4C) .
HAdV-41 affected serotonin-containing granules in human EC cells. EC cells produce, store, and release serotonin (11, 13) , and serotonin granules are translocated to the cell membrane upon specific stimulation (52) . The fact that HAdV-41 infection of EC cells resulted in serotonin secretion raised the question of whether infection is associated with changes in the content of serotonin-containing granules. To address this question, EC cells were infected with HAdV-41 and serotonin secretion was investigated at 18 hpi by confocal microscopy. The fluorescence intensity of serotonin was altered in HAdV-41-infected (n ϭ 30 cells) EC cells compared to uninfected cells (n ϭ 30 cells) (Fig. 5A ). The serotonin intensity showed a significant (P Ͻ 0.01) linear negative correlation between uninfected and infected cells ( analyzed the granularity of serotonin-labeled immunofluorescence, delineating higher intensity with a more granular appearance in comparison to the uninfected EC cells. We found a significant (P Ͻ 0.01) positive linear correlation between the serotonin granularity and HAdV-41-infected EC cells compared to uninfected cells (n ϭ 30 cells) (Fig.  5C ). Trypan blue staining indicated cell viability (89% live in infected cell cultures versus 82% in mock-treated cultures) was unaffected in infected cell cultures, nor was any distinct cytopathic effect (CPE) observed, supporting the observation that HAdV-41 undergoes an abortive infection in EC cells.
HAdV-41-activated EGCs. EC cells are epithelial sensor cells, and it has been proposed that EC cells communicate with the ENS and EGCs via neurotransmitters, including serotonin (53) . EGCs can be found both in both the myenteric and submucosal plexuses (i.e., underneath the epithelial layer in close proximity to EC cells [27] ), which led us to investigate a plausible cross talk between HAdV-41, EC cells, and EGCs. First, we investigated whether HAdV-41 can activate EGCs, as demonstrated by the altered expression of the glia cell activation marker GFAP (26) , and found that EGCs were activated by purified HAdV-41 (10 g/ml) (P Ͻ 0.001) after 6 h of stimulation ( Fig.  6A and B) . Considering that EC cells can release serotonin, we next investigated whether serotonin (100 M) could activate the EGCs. Indeed, serotonin activated the The diluent control was PBS. DLP, purified rotavirus double-layer particle. ***, P Ͻ 0.001, and *, P Ͻ 0.05, by Student's t test. Data are means Ϯ SEM (n ϭ 4). glia cells (P Ͻ 0.001), as demonstrated by the significantly increased GFAP intensity ( Fig.  6A and B) . However, most novel was the observation that cell supernatant from HAdV-41-infected EC cells could stimulate EGCs (P Ͻ 0.001) (Fig. 6A and B) . This observation, together with the fact that serotonin alone could activate EGCs, but not cell medium from uninfected EC cells, is of interest as it proposes a serotonindependent cross talk between HAdV-41, EC cells, and EGCs (Fig. 7) .
DISCUSSION
Our knowledge on how HAdV-40 and -41 cause acute diarrhea and vomiting is limited, partly due to the lack of suitable small-animal models and lack of previous access to relevant gut target cells normally associated with intestinal motility, permeability, and electrolyte and water secretion. Using a human EC cell line and EGCs, we show that HAdV-41 can stimulate serotonin release from EC cells and that the cell supernatant from HAdV-41-stimulated EC cells can activate EGCs. These new observations are interesting because they suggest a serotonin-dependent cross talk between HAdV-41, EC cells, and EGCs that might be relevant to the understanding how HAdV-41 causes diarrhea (Fig. 7) . Our observations are in accordance with previous observations showing that serotonin is involved in several GI disorders (15, 16, 18) , including rotavirus gastroenteritis (22, 23, 54) .
EC cells, a subtype of neuroendocrine cells (55) residing in the intestinal epithelium, are considered the principal sensory cells that respond to chemical/mechanical stimulation to secrete serotonin and activate mucosal afferents. The luminal EC cells ''taste'' and ''sense'' the luminal contents and respond by releasing mediators such as serotonin to activate ENS and EGCs, as well as extrinsic vagal afferents to the brain. They are strategically positioned in the intestinal mucosa to release these mediators mainly from the basolateral surface. Using a human midgut carcinoid tumor cell line, previously characterized for specific EC cell markers (23, 56), we found that purified HAdV-41 stimulated serotonin release as early as 6 hpi.
To identify which viral protein or proteins carry the serotonin-stimulating property, we produced and purified the four main capsid proteins of HAdV-41. While no effect on serotonin release was observed from cells stimulated with the HAdV-41 penton base or long fiber knob protein or with the HAdV-5 fiber knob protein, even up to 2 M, cells stimulated with the HAdV-41 hexon protein and in particular with the HAdV-41 short fiber knob protein responded with robust serotonin release (P Ͻ 0.001). These findings suggest that the HAdV-41 short fiber and hexon proteins have serotonin-stimulating properties. While the HAdV-41 long fiber protein binds to CAR on target cells, the target receptor for the short fiber protein remains to be determined. Our findings suggest that the short fiber knob domain interacts with distinct receptors on human EC cells. Similar to the CAR-binding fiber of multiple HAdVs (57), the short fiber may also be produced in excess and secreted from infected cells. Accordingly, whereas the secreted long fiber facilitates the transmission of progeny virions from infected cells (58) , a putative function of secreted short fiber may be to trigger serotonin release from EC cells. In the present study, immunofluorescence and flow cytometry showed that EC cells express CAR, which previously has been shown to be a candidate cell receptor for HAdV-41 (37) . While HAdV-41 was expressed in EC cells, as demonstrated by immunofluorescence and Western blotting, virus did not undergo productive replication in those cells. This is similar to several other nonpermissive cell lines (45, 46) . The replication block is supposed to be within the early phase of the infectious cycle (59). Furthermore, block of release of progeny virus and a high particle/infectious unit ratio also contribute to poor growth of HAdV-41 in nonpermissive cell cultures (60) .
As the adenovirus hexon protein is the most abundant capsid protein (33) , it was of interest to investigate its serotonin-stimulating capacity. Similar to the short fiber protein, the hexon protein demonstrated a robust (P Ͻ 0.05) stimulatory effect on serotonin release.
Newly synthesized serotonin is normally transported into and stored in secretory granules by the vesicular monoamine transporter (VMAT) (61) or the serotonin reuptake transporter (SERT) (62, 63) and/or degraded to maintain extracellular serotonin homeostasis. Upon specific stimulation, these secretory granules are transported to the cell membrane and their contents, including serotonin, are released by exocytosis. In this way, extracellular serotonin reaches the ENS, where it can stimulate nerve terminals and EGCs. We found that adenovirus infection/stimulation of EC cells resulted in a robust (P Ͻ 0.01) linear negative correlation between the fluorescence intensity of serotonin in uninfected cells versus infected cells. Hence, HAdV-41 stimulation of EC cells resulted in decreased serotonin immunofluorescence intensity compared to uninfected cells, presumably due to the depletion of the serotonin content following HAdV-41 stimulation and thus weaker serotonin-specific fluorescence. This proposal is supported by the fact that the EC cells secreted premade serotonin within 6 h of stimulation. We also found a significant (P Ͻ 0.01) positive linear correlation between the serotonin granularity and HAdV-41 infection, suggesting that the infection induces serotonin accumulation in granules in parallel. A similar observation was reported previously for rotavirus-infected EC cells (22) .
EGCs are the predominant cell type in the ENS and are similar in structure and function to astrocytes of the central nervous system (CNS). Enteric glia cells regulate intestinal motility, a well-characterized reflex controlled by enteric neurons, but also interact with several nonneuronal cell types in the gut, such as enterocytes, enteroendocrine cells, and immune cells, and are therefore emerging as important local regulators of diverse gut functions (64) . Furthermore, EGCs play an important role in modulating gut inflammation and maintaining intestinal barrier integrity and repair following injury. The fact that EGCs can be found in close proximity to EC cells (27) led us to investigate a plausible cross talk between adenovirus-infected EC cells and EGCs.
The first observation was that HAdV-41 could stimulate EGCs, as demonstrated by its effect on the appearance of GFAP, a commonly used EGC activation marker for responses to various stimuli (28, 30, 65) .
As EC cells and EGCs appear to be located in close proximity in vivo and EGCs can respond to serotonin by increasing GFAP expression (66) , it was of great interest to investigate if cell supernatant from HAdV-41-stimulated EC cells could activate EGCs. We confirmed the previous observation (66) that serotonin alone can activate EGCs, but the most interesting finding was the observation that cell medium from HAdV-41-infected/stimulated EC cells, but not that from noninfected EC cells, could activate GFAP. This observation may explain how enteric adenovirus may cause diarrhea. However, the finding that supernatant from infected EC cells can activate GFAP in EGCs only proves indirectly, and not per se, that it was an effect of the released serotonin, as the medium contained serotonin, and serotonin alone can activate GFAP in EGCs. Moreover, the GFAP levels remained unchanged when exposed to supernatant from infected and uninfected (A549) cells, which neither secrete nor synthesize serotonin.
EGCs regulates intestinal barrier function via glia-derived S-nitrosoglutathione (GSNO) (31) , and Flamant and coworkers (67) reported that EGCs significantly reduced barrier lesions induced by Shigella flexneri. It was suggested that the effect is associated with EGCs and GSNO, and it was proposed that GSNO is a major glia mediator involved in intestinal epithelial protection (67) . As GSNO is released from activated EGCs and helps maintain the intestinal barrier, the observations presented allow us to speculate that this may also hold true for HAdV-41 infections in vivo. However, the current lack of an animal model for HAdV infection prevents confirmation of this hypothesis in vivo.
In summary, we show that HAdV-41 stimulates serotonin release from human EC cells and that supernatant from HAdV-41-stimulated/infected EC cells activates EGCs and presumably the ENS and GNSO release. These unexpected and novel observations are interesting because they propose a serotonin-dependent cross talk between HAdV-41 and human EC cells and EGCs and provide a new context on how on enteric adenovirus causes diarrhea (Fig. 7) .
MATERIALS AND METHODS
Cells, viruses, and antibodies. Human EC cells obtained from the GOT1 midgut carcinoid tumor cell line (56) were cultivated in RPMI 1640 medium (R0883; Sigma-Aldrich, USA) supplemented with 10% inactivated fetal bovine serum (FBS), 1ϫ minimal essential medium (MEM) with nonessential amino acids, 0.02 mg/ml gentamicin, and 5 mM L-glutamine. The A549 human lung epithelial cell line was cultivated in 1ϫ high-glucose Dulbecco's modified Eagle=s medium (DMEM) (21013-024; Thermo Scientific), supplemented with 10% FBS, 0.02 mg/ml gentamicin, and 5 mM L-glutamine. Rat enteric glia cells (EGCs) (ATCC CRL-2690) were cultured as with the A549 cells.
The cells were tested as free from Mycoplasma using a MycoAlert Mycoplasma detection kit (LT07-418; Lonza, USA). HAdV-41 (strain Tak) and HAdV-5 were used in the experiments, produced as described previously (68) . These viruses were stored and diluted in PBS with 10% glycerol. In addition, purified rotavirus double-layer particles were used (69) .
Rabbit anti-HAdV-41 serum (KS 1133) (70) was used for Western blotting and immunofluorescence analysis. Anti-CAR monoclonal antibody (MAb) was purchased from Millipore (anti-CAR, clone RmcB, 05-644; Millipore, USA). The monoclonal anti-serotonin antibody (M758) and the rabbit anti-GFAP antibody (Z0334) were both purchased from DakoCytomation (Glostrup, Denmark). The secondary antibodies for immunofluorescence analysis were rhodamine-labeled goat anti-rabbit IgG (diluted 1/400) Adenovirus infection. Adenovirus titer was determined via fluorescent focus assay to be 5 ϫ 10 5 fluorescent focus units/ml. EC tumor cells (2.5 ϫ 10 5 cells/well) cultured in 48-well plates (Nunclon Delta Si, Roskilde, Denmark) were infected with HAdV-41 at a multiplicity of infection (MOI) of 1 and incubated at 37°C and 5% CO 2 until the cell supernatants or cell lysates were collected.
Fiber knob protein production. DNA isolation from HAdV-41 virions was performed using a Blood & Cell Culture DNA minikit (Qiagen Nordic). DNA fragments encoding HAdV-40 short fiber knob protein (40SFK, nucleotides 29292 to 29902; GenBank accession no. AMQ95247.1) and HAdV-41 short fiber knob protein (41SFK, nucleotides 29378 to 29899; GenBank accession no. ADN06466.1) were amplified by PCR. Fragments were then cloned into a pQE30Xa expression vector encoding an N-terminal His tag (Qiagen) using restriction sites for BamHI and HindIII (Fermentas, ThermoFisher Scientific). All constructs were confirmed by sequencing (Eurofins MWG Operon). Proteins were expressed in Escherichia coli strain M15 and purified with nickel-nitrilotriacetic acid (NTA) agarose beads according to the manufacturer's protocol (Qiagen). Proteins were analyzed by denaturing gel (NuPAGE Bis-Tris; Invitrogen, Life Technologies) and Western blotting using monoclonal antibodies (MAbs) against the His tag (Qiagen).
Penton base production. Full-length HAdV-41 penton base DNA was cloned in a pFastBac HT A vector. The vector was transformed into E. coli DH10Bac and analyzed by PCR according to a Bac-to-Bac baculovirus expression system (Invitrogen). Spodoptera frugiperda Sf9 cells were transfected with the bacmid DNA to first create a passage 1 (P1) baculovirus stock, from which a high-titer P2 viral stock was generated. The Sf9 cells were infected at an MOI of 5 with the P2 viral stock, and the cells were incubated at 28°C for 4 days under shaking conditions. After incubation, the cells were lysed and briefly centrifuged, and the expressed proteins were purified with a HiTrap Q-Sepharose column (GE Healthcare) by a liquid chromatography system (GE Healthcare). The soluble recombinant proteins were then stored in PBS with 10% glycerol at Ϫ20°C.
Hexon production. Ten T-75 flasks of A549 cells were infected with HAdV-41 and 6 days after infection harvested by scraping. Harvested cells where subjected to multiple cycles of freeze/thawing to disrupt intact cells, followed by removal of cellular debris through centrifugation. The cleared supernatant was separated on a cesium chloride (CsCl) gradient as described previously (68) . After ultracentrifugation, the top phase was recovered and the hexons purified by antibody capture using the HAdVhexon MAb 8052 covalently attached to magnetic beads (Pierce) by dimethyl pimelimidate (DMP; Sigma). Briefly, 100 l of magnetic beads was washed with PBS prior to the addition of 75 g MAb 8052. After 60 min of binding, unbound antibody was removed by washing twice with PBS. To cross-link the antibody, DMP was diluted to 1 mg/ml in 0.2 M triethanolamine in PBS and added in a 1:1 ratio to the magnetic beads. After 30 min of slow agitation, the beads were washed with 0.2 M triethanolamine in PBS for 30 min. This step was repeated three times before the solution was quenched using 50 mM ethanolamine in PBS. Finally, excess antibody was removed by washing with 1 M glycine (pH 3). To capture HAdV-41 hexons, first 300 l cleared supernatant was mixed in a 1:1 ratio with PBS and added to the MAb 8052-connected beads. The mixture was incubated at room temperature (RT) on a shaker for 60 min to allow antibody capture of the hexons. Subsequently, unbound protein was washed away with PBS and eluted using 200 mM glycine (pH 2.5). Immediately after elution, the low pH was neutralized by adding a small volume of 1 M Tris-HCl (pH 10.2). The capture was repeated several times in order to obtain sufficient amounts of hexons. Hexon purity was assessed by SDS-polyacrylamide gel electrophoresis (PAGE).
Detection of HAdV-41-infected cells. The number of infected cells was determined by immunofluorescence staining. Briefly, HAdV-41 at an MOI of 1 was added to EC cells, and at 18 hpi, the cells were fixed with 4% paraformaldehyde (PFA) in PBS at RT for 2 h. The fixed cells were washed with PBS and then treated with 1% Triton X-100 in PBS for 15 min at RT, washed with PBS, and blocked with 5% bovine serum albumin (BSA) in PBS for 60 min at RT and then incubated with a rabbit anti-HAdV-41 antisera (1:400; KS 1133) for 1 h at RT. After washing three times with PBS, secondary rhodamine-labeled goat anti-rabbit IgG (1:400) was added and incubated for 1 h at RT. Following three more washes with PBS, the specimens were mounted with fluorescence mounting medium (S3023; Dako Cytomation) and examined under confocal microscopy.
Extraction of DNA from cell lysates. Two hundred microliters of cell lysates from HAdV-41-infected GOT1 and rat glia cells was used for DNA extraction. The extraction was done with EZ1Virus minikit v2.0 (Qiagen, GmbH, Hilden) using the EZ1 Advanced XL system (Qiagen).
Real-time qPCR for HAdV-41. The amount of adenovirus genomic DNA after HAdV-41 infection (MOI of 1) at 2, 24, 48, and 72 hpi was quantified with the TaqMan ABI 7500 system (Applied Biosystems, Foster City, CA, USA). Samples from 2 hpi, the time for virus exposure, were used as control (background level of incoming virus). Briefly, amplification was performed with 10 l of purified DNA samples and standard DNA templates in 25-l reaction mixtures for 45 cycles with the QuantiTect probe PCR kit (Qiagen). Primer and probe sequences were obtained from previous studies (71) . Primer concentrations of 900 nM and a probe concentration of 225 nM were used in the PCR protocol as follows: activation of the uracil N-glycosylase (2 min, 50°C) and activation of Taq polymerase for 10 min at 95°C for 45 cycles (15 s at 94°C and 1 min at 60°C). Standard curves were generated by using serial dilutions (range, 10 to 10 6 ) of known amounts of a linearized plasmid containing the entire hexon region of HAdV-41.
Cell viability. Trypan blue staining was used to determine cell viability. A 0.4% trypan blue solution (MP Biomedicals) was mixed in a 1:1 ratio with cell suspension, and the number of blue-colored cells was calculated as a percentage of the total number of cells in a Bürker chamber.
Western blotting. EC cell monolayers (approximately 250,000 cells per well) in 48-well plates were infected as described above. After 24 h of infection, the medium was removed, and cells were lysed with 1ϫ radioimmunoprecipitation assay (RIPA) buffer (9806; Cell Signaling Technology) and freeze-thawed 3 to 4 times. The cell lysates were then centrifuged at 10,000 ϫ g for 10 min, and the supernatant was collected and boiled for 10 min at 95°C in loading buffer (5% 2-mercaptoethanol [161-0710; Bio-Rad] in Laemmli sample buffer [161-0737; Bio-Rad]) before separation by 10% PAGE. The proteins were stained with Coomassie brilliant blue, and the relative protein concentration was determined. Samples were separated by PAGE and transferred (via Western blotting) to a polyvinylidene difluoride (PVDF) membrane at 375 mA for 60 min. The membrane was blocked with 3% BSA in PBS-T buffer (PBS containing 0.05% Tween 20) for 1 h. Rabbit anti-HAdV-41 antibody (1:400 in PBS-T with 1% BSA) was added and incubated for 2 h at RT. The membrane was washed four times with PBS-T. HRP-conjugated goat anti-rabbit antibody (1:10,000 [170-6515; Bio-Rad, USA]) was used as the secondary antibody, and the membrane was incubated for 90 min. After washing, the reaction was developed with Immun-Star HRP substrate (170-5041; Bio-Rad), and the bands were visualized with a Molecular Imager ChemiDoc XRS system (Bio-Rad) and Quantity One 1-D analysis software (Bio-Rad, USA).
Stimulation of EC cells with virus, penton base, hexon, and short and long fiber proteins. EC cell monolayers (approximately 250,000 cells per well) in 48-well plates at 80% confluence were washed with serum-free medium and stimulated with purified HAdV-41 (0.1, 1.0, and 10.0 g/ml, 150 l), purified HAdV-5 (10.0 g/ml, 150 l), HAdV-41 penton base (0.02, 0.2, and 2.0 M), HAdV-41 hexon protein (0.02, 0.2, and 2.0 M), HAdV-41 long and short fiber knob proteins (2.0 M), and HAdV-5 fiber knob protein (2.0 M). Purified adenovirus was stored and diluted in PBS plus 10% glycerol, unless otherwise stated. Rotavirus was purified as previously described (69) . After 6 h of stimulation at 37°C and 5% CO 2 , the cell supernatants was collected and stored at Ϫ80°C until enzyme-linked immunosorbent assay (ELISA) serotonin analysis. EGC stimulation was performed essentially as for EC cells.
Serotonin ELISA. A commercial serotonin ELISA kit was used (RE59121; IBL International, Hamburg, Germany) according to the manufacturer's instruction to determine serotonin concentrations.
Immunofluorescence. EC cells were grown to 80% confluence in Lab-Tek II chamber slides (Nunc, Thermo Fisher Scientific) and infected with HAdV-41 at an MOI of 1, as described above. At 18 hpi, cells were fixed with ice-cold acetone (A/0520/PB17; Fisher Chemical) or 4% PFA-PBS (02176; Histolab, Gothenburg, Sweden). The cells stained for serotonin and HAdV-41 were fixed with 4% PFA-PBS; cells stained for CAR and GFAP were fixed with ice-cold acetone. The PFA-fixed cells were washed with PBS, treated with 1% Triton X-100 in PBS for 15 min, and blocked with 5% BSA in PBS for 60 min at RT, and the respective primary antibodies (KS1133, 1:400; CAR, 1:100; serotonin, 1:50; GFAP, 1:200) were added to the cells and incubated for 1 h at RT. After three washes with PBS, secondary IgG was added and incubated for 1 h at RT, washed, mounted with fluorescence mounting medium (S3023; DakoCytomation), and examined by confocal microscopy.
Stimulation of EGCs. EGCs were grown to 80% confluence on Lab-Tek II chamber slides at 37°C and 5% CO 2 and stimulated for 6 h with 100 M serotonin (H9523; Sigma-Aldrich), purified HAdV-41 (10 g/ml), or supernatant from uninfected and HAdV-41-infected EC cells (24 hpi). Cell supernatants were centrifuged at 500 ϫ g for 5 min and filtered through a 20-m pore filter before use. The cell medium was removed, and the cells were fixed with ice-cold acetone for 10 min and stained for GFAP as described above.
Confocal imaging and image analysis. An upright Zeiss Axio Imager.Z2 microscope, equipped with a LSM700 confocal module controlled by Zen2012 software (Oberkochen, Germany) was used to capture all fluorescent images. The images were acquired with a Plan-Apochromat 40ϫ/1.3 and 20ϫ/0.8 objective. Single-labeled samples were used to assess bleed-through; samples labeled only with secondary antibody were used to check for nonspecific binding. All control images were captured using the same confocal settings. Image J software was used to measure the mean intensities and single-cell areas. The figures presented were composed using Adobe Photoshop or Adobe Illustrator.
Flow cytometry. EC cells and A549 cells were detached with PBS-EDTA (0.05% EDTA), counted, and then allowed to recover in growth medium at 37°C. Statistical analysis. Statistical analysis was performed with GraphPad Prism (GraphPad Prism 5.0a or 7 Macintosh version by software MacKiev; GraphPad Software, Inc. 1994 to 2008). Data in the graphs are presented as the mean Ϯ standard error of the mean (SEM). We used Student's t test, and P values of Ͻ0.05, Ͻ0.01, and Ͻ0.001 were considered significant. assistance with protein production and purification. We also thank Rada Ellegard for the iilustration.
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